Biosensing based on whispering-gallery mode (WGM) resonators has been continuously studied with great attention due to its excellent sensitivity guaranteeing the label-free detection. However, its practical impact is insignificant to date despite notable achievements in academic research. Here, we demonstrate a novel practical platform of on-chip WGM sensors integrated with microfluidic channels. By placing silicon nanoclusters as a stable active compound in micro-resonators, the sensor chip can be operated with a remote pump and readout, which simplifies the chip integration and connection to the external setup. In addition, silicon nanoclusters having large absorption cross-section over broad wavelength range allow active sensing for the first time with an LED pump in a top-illumination scheme which significantly reduces the complexity and cost of the measurement setup. The nano-slot structure of 25 nm gap width is embedded in the resonator where the target bio-molecules are selectively detected with the sensitivity enhanced by strongly confined mode-field. The sensitivity confirmed by real-time measurements for the streptavidin-biotin complex is 0.012 nm/nM, improved over 20 times larger than the previously reported WGM sensors with remote readout.
Introduction
Sensing based on WGM resonators has been considered as one of the most promising approaches to realize lab-on-a-Chip (LoC) devices for label-free detection of bio/chemical molecules and particles. [1, 2, 3, 4] Since the sensing event is observed by the frequency shift of WGM resonance caused by the fractional perturbation of mode volume, any kinds of particles having the refractive index different from that of the environment can be detected without the need for the labeling. [1, 5] This versatile method providing outstanding sensitivity by means of high quality factor and small mode volume of WGM resonators has been verified by the detection of various kinds of nanoparticles including polystyrene beads, viruses, and DNA. [2, 6, 7, 8, 9, 10] In addition, it has also demonstrated great potential for the analysis of molecular dynamics based on the real-time measurement of specific biomolecule interactions. [3, 10] Since WGM resonators can be fabricated on a chip in micrometer-scale footprint, it has been expected that this approach can be implemented in a form of miniaturized devices integrated on a chip. [1, 11, 12] However, despite these benefits, most of the WGM-based sensing researches primarily remain in scientific interest apart from the development of practical LoC devices. [1] The fundamental restriction hindering the development of the practical devices mainly comes from the light coupling scheme based on evanescent coupling which requires a waveguide physically connecting between the resonator and the external setup. For example, tapered optical fibers which are the most commonly used waveguides for the coupling, [13] are mechanically unstable and difficult to combine with microfluidic channels. [11] It also needs a precise method to adjust the gap between the waveguide and resonator in nanometer-scale to control coupling efficiency. On the other hand, bus waveguides monolithically implemented on a resonator chip are fairly robust but requires high microfabrication precision to define the gap and additional effort to implement light coupling at the end of the waveguides such as an end-fire coupling. [14] To overcome this limitation, the concept of the WGM sensor based on optically active resonators has emerged for promising alternatives. [1] In this approach, pump light focused to the active resonators induces the emis-sion spectrum peaks along with the resonance modes which are detected by a spectrometer through free-space optics. Since there is no need for direct physical contact between the chip and the optical setup operating it, the sensing system can be significantly simplified in a practically preferred form. [11] The detection of the specific molecules has been recently demonstrated on a chip integrated with the fluidic channel based on this approach, where polymer microcavities doped with laser dyes were used for the active resonator. [15, 16] However, in the previous work, the organic laser dye required a pulsed laser as a pump source and had an underlying problem of photobleaching, namely the degradation of photoluminescence. [15, 16] In addition, the demonstrated sensitivity was lower than the usual value generally expected for the WGM resonator sensors. [2, 6, 7, 17, 18] To completely address these issues, we introduce high-sensitive on-chip WGM microcavity sensors embedded with silicon nanoclusters as a stable active compound. Large absorption and emission cross-section of silicon nanoclusters allow pumping and proving remotely through free-space optics, [19, 20] which guarantees simple integration with microfluidic channels. It also permits the use of an LED as a pumping source for the first time, which significantly reduce the complexity and cost of the measurement setup. The nano-gap structure where the mode field is tightly confined and detection events occur is placed in the cavity to increase the sensitivity. The molecular detection with this active WGM sensor is demonstrated with the streptavidin-biotin complex, which shows that device sensitivity is 0.012 nm / nM, which is over 20 times larger than that of the previous WGM sensors with remote readout.
Results

Device development
The performance enhancement of the developed sensor is achieved by introducing two nanostructures to WGM resonators, that are silicon nanoclusters and nano-gap. Since silicon nanoclusters have extremely large absorption cross-section, [21, 22, 23] they can be pumped not necessarily through resonant modes but direct illumination from the top of the resonator, where interaction length between the pump beam and the resonator structure is only few hundred micrometers. The WGM are excited by nanoclusters emitting strong photoluminescence (PL) in the 700 nm wavelength range where absorption by water stays low. To form silicon nanoclusters uniformly in a resonator, silicon-rich silicon nitride (SRSN) film is deposited on a substrate and fabricated into disk resonators. The excess silicon changes into silicon nanoclusters by a post-annealing process performed in an argon environment. The fabrication conditions including excess silicon concentration and annealing tem- perature are optimized to obtain strong WGM mode in an aqueous environment by the top pumping scheme.
A nano-gap structure is also introduced in the resonator geometry by placing two pieces of silicon nitride disk plates parallel in the nanometer-scale distance to enhance device sensitivity. During the sensing experiment, the gap is filled with Dulbecco's phosphatebuffered saline (DPBS) having a lower refractive index (n=1.33) than that of silicon nitride (n=2) disk plates. Due to the requirement for the continuity of the electric displacement field at the interface, this large refractive index contrast in nanometer-scale dimension results in strong confinement of the field intensity in it, which enhances light-matter interaction. [24, 25] The fabricated SRSN disk resonators having 12 um diameter and a 120 nm thickness are shown in the scanning electron microscope (SEM) image (Fig. 1a) . The gap of 25 nm is clearly shown on the magnified image in Fig. 1b . By numerical analysis with COMSOL multiphysics, it is confirmed that 8.6% of the total energy of the fundamental mode is confined in this gap in a water environment as shown in the inset of Fig. 1c , which results in a 6.5-fold enhancement of the sensitivity selectively for the events occurred in the gap. The fabricated resonator arrays are integrated into a microfluidic channel, which forms a compact optical sensor, as shown in Fig. 1d . Microfluidic channels are made of polydimethylsiloxane (PDMS) by conventional soft-lithography. The top and side walls of the channels are post-cured to have smooth surfaces through which pump and signal beams pass without excess scattering. The analyte solution is injected into the inlet by a syringe pump and guided to the disk array located in the middle of the channel. A WGM resonator in this encapsulated sensor unit is remotely accessed by a simple experimental setup shown in Fig. 2a and 4a, which facilitates quick and easy operation of the whole sensing process including initial optical alignment. The fabrication details for the resonators and channels are described in the experimental section.
Optical characteristics
The optical characteristics of the developed WGM sensors are analyzed in air and aqueous condition. As shown in Fig. 2a , the pump beam from a 457.9 nm wavelength argon laser is focused on the top of an SRSN resonator in the fluidic channel. The laser intensity on the focal plane is 20 W/cm 2 which is enough to excite silicon nanoclusters and get a strong PL emission displaying characteristic cavity resonances. The PL emission is collected through the sidewall of the channel by an objective lens having a numerical aperture of 0.15, from which the transverse magnetic (TM) polarization component is selectively captured by a polarizer. Since TM modes can be confined in a slot structure more tightly than TE modes, the measurements are performed selectively with the cavity TM modes. Fig. 2b and 2c show PL spectrum of TM modes which are measured in air and water environments, respectively. Among many resonant modes shown in Fig. 2b , the fundamental mode family having an intensity profile shown in Fig. 1a is used for sensing. The fundamental mode family marked by blue dots is identified by comparing the measured free spectral range (FSR) of each mode family to the value estimated by numerical analysis. The FSR of fundamental modes is 7.9 nm, and the quality factor is expected to be larger than 15,000 calculated from the measured full width at half maximum (FWHM) of PL peaks, 0.05 nm, which is limited by the resolution of the spectrometer. It is noteworthy that the higher-order modes disappear from the PL spectrum measured in an aqueous environment shown in Fig.  2c . The resonator diameter is carefully determined in order that the decreased refractive index contrast between the resonator structure and environment causes serious additional radiation loss selectively to the higher-order modes but not to the fundamental modes. This clarified spectrum makes analysis easier by preventing overlaps among different modes. The FSR of the modes in Fig.  2c is 7 .2 nm which corresponds well to that of the fundamental modes in an aqueous environment estimated by numerical analysis. The quality factor is around 8,500 calculated from the FWHM of PL peaks, 0.08 nm.
The sensitivity of the developed sensor
The sensitivity of the sensor is verified by the peak-shift measurement for the streptavidin and biotin complex.
[26] Before the experiment, SRSN resonators are pretreated with biotin, for which the details can be found in the experimental section. When the streptavidin in DPBS flows through the fluidic channel, the streptavidin begins to attach to the biotin on the resonator surface, which causes resonance frequency shift. The PL spectra before and after applying streptavidin of 144 nM concentration are displayed as black and red lines in Fig. 2c , respectively. Since the red spectrum is measured after the saturation of the interaction, the relative peak shift of 1.7 nm in the figure gives the sensitivity of our device 0.012 nm/nM. Considering the resolution limit defined by the FWHM of the resonant mode, 0.08 nm, the detection limit of the device is proven to be 6.7 nM for streptavidin. The measured sensitivity of our device is 22 times higher than that of the previously reported active WGM sensor with remote readout. [16] As a control experiment, bovine serum albumin (BSA) also flows into the microfluidic channel with a biotin-pretreated WGM resonator for 35 minutes. Since BSA does not specifically bind to biotin, the BSA induces a much lower frequency shift of 0.25 nm at 1 mg/ml which is a several hundred times higher concentration than streptavidin's used in the experiments.
Analysis of Kinetics of streptavidin and biotin complex
As further investigation for the molecular dynamics and the influence of the nano-gap structure on it, timetransient characteristics of the sensor is measured and analyzed for the streptavidin and biotin complex. Fig.  3a shows the relative resonance peak wavelengths which are recorded in time intervals of a few minutes after the injection of streptavidin for four different concentration, 9, 36, 54, 90 nM until the reaction reaches the saturation state. These time-transient behaviors can be understood by the Langmuir model, which has been commonly used to analyze the kinetics of surface binding reactions for systems having the ligand immobilized on a solid surface. [27, 28, 29, 30, 31, 32] In the model, the response signal of the sensor for the time-dependent molecular reaction is expressed in the form of a characteristic exponential function, [33] namely association curve, which is displayed as solid lines in Fig. 3a . Since the measured data points follow well the trend expected by Langmuir model, the dynamics can be quantitatively analyzed by major parameters, association rate k on and dissociation constant K d , of the model. The characteristics of the sensor in the equilibrium state can be understood by the value of K d and k on attained from the signals in the saturation regime. The  Fig. 3b . shows the accumulated resonance shifts according to the concentrations, where each point corresponds to the last point of the serial measurements in Fig. 3a . These accumulated shifts are fitted to the Hill-Langmuir equation represented by the red line. The inset of Fig. 3b , which displays the same data in logarithmic scale, clearly shows the value K d of 3.8×10 −7 M as the blue dashed line where the slope of the curve is the steepest. By applying this K d to the equation for the association curves in Fig.  3a , the k on values can be obtained. The measured k on is 1.
for the streptavidin concentrations of 9 nM, 36 nM, 54 nM and 90 nM, respectively. The slightly larger k on of 9 nM streptavidin is caused by the detection limit of the spectrometer, 0.05 nm, which is marked as a dashed line in Fig. 3a . This detection limit is not enough to finely resolve the kinetics in this low concentration. These measured values of k on and K d are similar to the previously reported results based on the sensors having the geometry open to the sensing medium. [16, 34, 35] Thus, we conclude that the 25 nm gap, which enhance the sensitivity, does not significantly affect on molecular dynamics in the equilibrium state.
The characteristics in the initial state which are affected by the diffusion of the molecules from the medium into the nano-gap are also quantitatively assessed by k on . Under the mass transport limitation commonly occurring in the molecular kinetic analysis, the initial slope of the association curve is linearly proportional to the analyte concentration by Fick's first law. [28, 36] The initial slopes of the association curves in Fig. 3a are displayed as the black point in the Fig.3c , where the points are linearly aligned as expected by Fick's law. From the slope of this red line, we can obtain k on of 4.8 × 10
3 M −1 s −1 , which corresponds well to 4.6 × 10 3 M −1 s −1 , the average value of the k on previously obtained for three different concentrations except for 9 nM. This means that there is no considerable lag of the sensor response due to the diffusion into the nano-gap. In other word, the initial concentration of streptavidin in the nano-gap reaches quickly to that of the sensing medium in a few minuites, the time resolution of this measurement.
On-chip sensor platform with LED pump source
The measurement setup can be simplified further by adopting an LED as a pump source. Due to the high absorption cross-section of silicon nanoclusters, argon laser, the pump source of SRSN resonators, can be replaced by commercialized high-intensity LEDs which emit light in the absorption wavelength of silicon nanoclusters ranging from under 200 nm to 470 nm. [37] Since the lightemitting area of LED is much larger than the resonator, simply locating the microfluidic chip under the LED module is enough for the alignment. Therefore, there is no need for the pump laser and additional components such as a beam splitter, objective lens, and CCD which are required for the focusing and precise alignment of the laser beam. Since the intensity of commercially available LEDs is lower than that of Ar laser and silicon nanoclusters absorb UV more efficiently than the visible, [19] the LED with a center wavelength of 365 nm (LUMINUS SST10-UV) is used as the top pump source. The effective intensity of the LED incident on the resonator chip surface which is 4 mm apart from the LED is approximately 5.6 W/cm 2 with ignoring the absorption by the PDMS wall of the fluidic channel. Although the intensity of LED is far less than the argon laser (20 W/cm 2 ), it is sufficient to excite WGM of the resonators in an aqueous environment and results in resonant peaks of the PL emission spectrum as shown in Fig. 4b . The FSR of the TM funda- Fig. 4c shows the resonance peak shift induced by the injection of different refractive index solutions of glycerol diluted in DI water through the microfluidic channel. The black square points indicate the peak shift of resonance wavelength and the orange line represents the numerically analyzed sensitivity of the resonator. mental modes and the quality factor are exactly the same to the values with the argon pump laser, namely 9.1 nm and 15000, respectively. To verify the proper operation of the LED pumping scheme, we perform on-chip bulk sensing instead of specific biomolecule detection because ultraviolet light from an LED deforms biomolecules. In bulk sensing, the concentration of the target chemicals homogeneously dispersed in the medium can be measured by detecting the change of the refractive index. The glycerol is diluted in deionized water in three different concentrations: 5, 10, and 20 %, which resulted in the increase of the refractive index of the mixed mediums from that of DI water, 1.331, to 1.338, 1.345, and 1.359, respectively. [38] The inset of Fig. 4c shows the frequency of the resonant peak for the serial injections of the diluted glycerol in three different concentrations. It closely matches the linear frequency shift of 226.67 nm /refractive index unit (RIU) numerically estimated by COMSOL Multiphysics for a TM fundamental mode which is plotted in the orange line in Fig. 4c . Considering the resolution limit of 0.08 nm defined by the FWHM of the resonant mode, the detection limit for the change of the glycerol concentration is around 0.25 %. We expect that the detection of biomolecules is possible based on the developed sensors with an LED pump if the intensity of LEDs in the visible wavelength increases to around 20 W/cm 2 or the absorption and emission efficiency of silicon nanoclusters are further improved.
Experimental
Fabrication of SRSN disk resonator with nano-gap
The fabrication process for the actual devices starts with thin film deposition of SRSN, silicon dioxide, SRSN, and amorphous silicon on the silicon substrate by ion beam sputtering. After deposition, the disks of 12 ㎛ diameter is patterned on the multilayer film by conventional photolithography. Then, amorphous silicon, the top of the multilayer, is dry-etched by inductively coupled plasmareactive ion etching (ICP-RIE) in CHF3 and SF6 gas environments and used as a hard mask for following multilayer etching. The whole multilayer of SRSN, silicon dioxide, and SRSN is dry-etched simultaneously by ICP-RIE, in CHF3 and O2 gas environments. To remove the amorphous silicon used as a hard mask and form a silicon post at the bottom of the resonator, the device is wet-etched in a 60 ℃ potassium hydroxide solution. The device is annealed in an argon gas environment at 1100 ℃ for 30 minutes to form silicon nanoclusters in the SRSN film. Finally, the silicon dioxide layer is wet-etched to form a nano-gap between the SRSN disks with a depth of 1 ㎛ by a buffered oxide etchant.
Microfluidic channel fabrication
A channel master having a height of 270 um, a width of 3 mm, and a length of 8 mm is formed on a silicon substrate by SU-8 photoresist using a conventional soft lithography process. [39] A PDMS mixture (PDMS base and curing agent) is poured on the SU-8 channel master and degassed in a vacuum chamber to remove bubbles from the PDMS mixture and left it in the oven at 65 ℃ for 3 hours to solidify. The solid PDMS is stripped from the channel master, cut into one channel unit and punched for connection of the inlet and outlet tubes. The side surface of the microfluidic channel through which the light emission of the disk resonator passes is applied by a PDMS mixture and cured in the oven once more to smooth the rough surface formed when the channel is cut by blazes. The PDMS thicknesses of the window in the microfluidic channel through which the pump light and the emission light from the resonator passes are about 1.7 mm and 1.5 mm, respectively. To integrate the microfluidic channels with the disk resonator substrate, both sides are in contact with each other after oxygen plasma treatment for 60 seconds. [25] 
Biotin immobilization on the disk surface
For real-time measurement of the streptavidin and biotin interaction, an SRSN disk resonator surface is pretreated with biotin. [40] The fabricated device surface is immersed in an RCA solution (H2O: H2O2: NH3 = 5:1:1) at 65℃ for 10 minutes to clean and expose the OH group on the surface. Then the substrate is treated by oxygen plasma for 60 seconds to integrate the microfluidic channel with the resonator substrate. After the microfluidic channel is integrated into the resonator substrate, 5% APTES (3-aminopropyltriethoxysilane, Sigma-Aldrich) in absolute ethanol (EMSURE®) is injected into the microfluidic channel, then left for 2 hours to form the amine-group on the resonator surface. The channel is then flushed several times with ethanol to wash out the unreacted APTES from the device and finally rinsed with deionized water, and the device is placed on the hot plate at 100 ℃ for 30 minutes in order to cure the APTES. Finally, 100 µg biotin N-hydroxysuccinimide ester (SigmaAldrich) in 1 ml DPBS is flowed into the microfluidic channel and left for 20 hours at room temperature to combine biotin N-hydroxysuccinimide ester with aminegroups on the surface.
k on and K d attained by analyzing the dynamics of the streptavidin-biotin complex agree well with the previously reported values, it is concluded that the nano-slot structure having 25 nm gap introduced to enhance the sensitivity doesn't distort the molecular dynamics significantly. Furthermore, by taking advantage of the large absorption cross-section of silicon nanoclusters, WGM sensing based on the direct illumination of an LED pump is demonstrated for the first time. We expect that this approach paves the way to implement cost-effective onchip label-free sensors for practical applications which can be operated in a simple measurement setup for ease of use. In addition, the nano-gap structure where molecular interactions take place can be applied for the observation of the real-time molecular dynamics in nanochannels having a dimension comparable to the molecular complex. Considering the size of streptavidin and biotin (around 5 nm and 1 nm, respectively) and the fact that they attach on both surfaces in the slot, a slight reduction of the gap width from the current design is expected to induce observable changes of the dynamics.
